Abstract Reduced sulfur gases are precursors to sulfate aerosols that act as cloud condensation nuclei and affect Earth's radiative balance. The diminishing anthropogenic atmospheric sulfur inputs due to longstanding acid rain abatement activities increase the influence of natural emissions on the remaining sulfur budget. Most previous terrestrial observations of reduced sulfur gas fluxes focus on wetland ecosystems where sulfur gas emissions are highest. The diffuse natural production of sulfur gas from more widespread oxic ecosystems needs to be characterized. Here we report in situ fluxes of sulfur gases and CO 2 from grasslands outside of Santa Cruz, CA, USA (36.96°N, 122.08°W). Monthly measurements were made using static flux chambers from March 2012 to March 2014. A large net emission of dimethyl sulfide (DMS) was observed during the growing season. During the non-growing dry season, small but quantifiable carbonyl sulfide (COS) exchange rates were correlated with soil temperature. When soil moisture was artificially increased in senescent grassland plots, the relative exchange of COS:CO 2 increased and then returned to the original ratio within 2 h. Sulfur gas fluxes during wet season soil moisture transition events (i.e. after precipitation) indicate that understudied aerobic environments may provide an important contribution to atmospheric COS consumption and DMS production.
Introduction
Atmospheric sulfur gas and aerosol emissions arise from human industry, volcanic activity, ocean bubble bursting, marine phytoplankton biological functions, aeolian processes, and net gas fluxes from terrestrial ecosystems (Watts 2000; Li et al. 2014; Alcolombri et al. 2015; Campbell et al. 2015) . Reduced sulfur gases in the atmosphere are oxidized to form sulfate aerosol particles that greatly affect Earth's albedo and radiative balance (Charlson et al. 1987; Quinn and Bates 2011, Brühl et al. 2012) . Carbonyl sulfide (COS) is the most abundant sulfur gas in non-urban air, with ambient concentrations around 500 ppt and the longest lifetime of 2-7 years (Xu et al. 2002) . Dimethyl sulfide (DMS) is thought to be responsible for a large portion of non-sea-salt atmospheric sulfate which can act as cloud condensation nuclei (CCN), changing the lifetime and precipitation patterns of clouds (Andreae and Crutzen 1997) .
Most terrestrial observations of reduced sulfur gas exchange have focused on wetlands because of the lower redox potential of wetland soils and consequent large magnitude fluxes (de Mello and Hines 1994; DeLaune et al. 2002; Whelan et al. 2013; Cooper and Saltzman 1987) . However, terrestrial ecosystems with oxic soils cover an order of magnitude more surface area than wetlands. Recent research has demonstrated that oxic ecosystems can contribute important, though diffuse, amounts of biogenic sources of sulfate aerosol precursors. This includes DMS production in tropical rain forests (Andreae 1990; Jardine et al. 2015) and some agricultural crops (Fall et al. 1988) , and COS emissions from a pine forest (White et al. 2010 ) and a wheat field .
Terrestrial plants can act as both a source and sink for reduced sulfur compounds. Generally, plants are a minor source of DMS to the atmosphere (Kanda et al. 1995; Geng and Mu 2006) , and net DMS production from tropical tree species peaks during times of high temperature and photosynthetic radiation (Jardine et al. 2015) . On the other hand, plant leaves are also the largest sink for COS in the troposphere (Protoschill-Krebs et al. 1996; Montzka et al. 2007; Notni et al. 2007; Campbell et al. 2008) . COS is quickly and irreversibly hydrolyzed into H 2 S and CO 2 inside plant stomata via the enzymes involved in photosynthesis (Protoschill-Krebs et al. 1996) . In many circumstances, this net uptake is a function of stomatal conductance (Stimler et al. 2010; Seibt et al. 2010 ) and can continue in the dark .
Both soil production and soil consumption of reduced sulfur compounds are strongly influenced by changes in water content and temperature (Watts 2000; Whelan et al. 2013) . Water limits soil pore space exchange with the atmosphere, creating areas of low oxygen and low redox potential. DMS production by soils is strongly dependent on redox conditions and soil microbial community dynamics (Sparling and Searle 1993, Lomans et al. 2002) . COS production from soils may also rely on redox potential (Devai and DeLaune 1995) , though COS production has been recently observed in dry, oxic agricultural soils at high ambient temperatures (Maseyk et al. 2014; Whelan and Rhew 2015; Whelan et al. 2016) . COS consumption has been related to microbial activity in soils (Yi et al. 2007 ) and appears to be mediated by the same enzyme implicated in plant uptake, carbonic anhydrase (Kesselmeier et al. 1999) . Higher COS uptake is observed when the litter layer is preserved (Yi et al. 2007 ) and represents a relatively important sink of COS (Sun et al. 2016) .
These prior studies suggest that temperature and water availability are two major environmental parameters that can affect plant and microbial activity with respect to reduced sulfur compound fluxes. In this study, we quantified the surface-atmosphere gas exchange of DMS, COS and CS 2 in a mediterranean grassland in northern California in both the wet growing season and the dry non-growing season. The distinct dry and wet seasons and the annual grass cover allowed us to investigate the same sites over a range of temperatures and soil moistures, with and without living plant cover. We hypothesized that emissions of reduced sulfur compounds were triggered or mediated by changes in soil moisture conditions, similar to the pulses of other trace gases following rainfall. The pulse of inorganic nitrogen and CO 2 released following the rewetting of dry soils is known as the ''Birch Effect'' (Birch 1958; Jarvis et al. 2007 ), a phenomenon likely to impact reduced sulfur gas emissions as well. Experimental rainfall manipulations were employed to determine the impact of soil moisture transitions on sulfur gas fluxes. Our experimental set up allowed us to quantify net fluxes of COS, DMS, and CS 2 coincident with CO 2 exchange. H 2 S (hydrogen sulfide) and CH 3 SH (methane thiol) fluxes were also measured when possible.
Materials and methods
Flux measurements were performed every month except December from March 2012 to March 2013, with one additional outing on March 2014 (Table 1) . To optimize the amount of useful information generated from a limited number of flux measurements, three sampling strategies were used to characterize (1) natural variation in situ of sulfur and carbon gas fluxes, (2) the change in fluxes over time from a single plot when rainfall was added or light conditions were introduced and (3) the spatial variation of fluxes when rainfall was added by comparing 2 nearby plots in either an annual or perennial grassland site. All measurements were performed under dark conditions except for the final outing in 2014 that sought to compare gas fluxes under both light and dark conditions.
Site description
Coastal California experiences a mediterranean climate with warm, dry summers followed by cool, wet winters (Fig. S1) ; grasses have distinct growing and dormancy seasons. Soil profiles on uncultivated marine terraces near Santa Cruz, CA (36.96°N, 122.08°W) have been used as a ''natural laboratory'' for the study of weathering processes and marine terrace formation through well-instrumented research plots. Using the sites characterized in White et al. (2008) , here we chose plots located on 3 marine terraces of differing ages, but with similar soil parent material. In Schulz et al. (2011) , the sites are referred to as SCT2, SCT3, and SCT5. Two annual grassland sites, located within Wilder Ranch State Park, were dominated by invasive European C3 grasses with root depths of about 1 m. One perennial grassland site dominated by native bunch grasses was on private land.
Static flux chambers
Static flux chambers (Livingston and Hutchinson 1995) were deployed to quantify grassland-atmospheric fluxes of sulfur-containing gases. First, a 0.4 m 9 0.4 m 9 0.23 m PTFE-lined aluminum frame was installed at least 3 cm into the soil profile, taking care to minimize severing plant roots. After an hour to allow the plot to recover from the disturbance, a chamber lid was clamped to the chamber base to mark the beginning of the flux measurement, when t = 0. The lid was a clear Lexan plastic rectangular box 0.4 m 9 0.4 m 9 0.43 m, lined internally with a 0.254 mm thick PTFE film (Fig. S2 ). Weather * The January 24 outing took place during a rainstorm. The field soil moisture after several hours of rain was on average 11.9 %VWC higher than the experimental plot soil moisture due to rainfall exclusion by the chamber lid Biogeochemistry (2016) 128:267-280 269 stripping was installed along the box lip between the Lexan and PTFE liner to aid in sealing the chamber lid to the base. The chamber lid and base enclosed a total of 109 L, and the headspace was mixed by a PTFEcoated aluminum fan driven by an external motor. To avoid complications from photo-oxidation and rising temperatures within the chamber, the chamber lid was covered with reflective insulation. All flux measurements were performed in a dark chamber except for the light/dark chamber experiments on 13 March, 2014 (Table 1) . Before deployment in the field, the chamber equipment was tested for chemical inertness under both ambient and elevated concentrations of COS and DMS in the chamber headspace; measured concentrations had an relative standard deviation of 3.5 % over a 32 min incubation period, translating to a minimum detectable flux of 0.6 pmol m -2 s -1 . For each flux measurement, at least 3 whole air samples were collected at regular intervals through a silica-coated steel 2 lm filter into previously-evacuated 1 L canisters lined with amorphous silicon (Restek, Bellefonte, PA) that have been shown to be appropriate for collection and storage of ambient-level sulfur-containing compounds (Khan et al. 2012) . During collection, a short vent line was opened to the atmosphere to avoid under-pressurizing the chamber headspace. Along with canister sampling, 30 mL aliquot subsamples of the chamber headspace were collected in glass vials (Wheaton, Millville, NJ) for analysis of CO 2 . The number of flux measurements that could be made in one outing were limited by the number of appropriate air sampling flasks available for reduced sulfur gas sampling.
Flux chamber measurements were performed between 9:00 AM and 4:30 PM local time for each outing. The prevailing wind was from the ocean in the south, traveling over approximately 1.5 km of sparsely populated coastal farm and a two lane state highway. Temperatures were recorded outside the chambers and in approximately the middle of the chambers using stainless steel thermocouple dataloggers (iButtons, Maxim Inc., Sunnyvale, CA) wrapped in Teflon tape and suspended from the Teflon sampling line. Barometric pressure was measured throughout the experiment. Soil volumetric water content (%VWC) at 5 cm depth was measured outside and within the experimental plot after air sampling for each outing (ThetaProbe, organic setting, Delta-T Devices, Cambridge, UK). The volume of the chamber headspace was determined by estimating plant volume and measuring soil volume from 16 depth measurements in the trough left by the chamber base after removal, then subtracting these volumes from the known volume of the chamber lid and base.
Quantification of gas samples
To quantify COS and DMS, 50 mL subsamples of air from the canisters were injected onto a GC column after cryo-focusing on a narrow bore silica-coated tube trap immersed in liquid nitrogen. Air samples were analyzed on an Agilent 7890A gas chromatograph attached to an Agilent 355 sulfur chemiluminescence detector (GC/SCD). The SCD is ideal for analysis of reduced sulfur compounds because of its high sensitivity and linear, equimolar response. All wetted surfaces were either PFA/PTFE or Siltek-treated stainless steel to minimize analyte loss. A five point calibration curve was generated before each outing using a whole air standard (COS concentration = 543 parts-per-trillion) calibrated to the provisional scale of NOAA-SIO for COS. A calibration curve for DMS was created by diluting a 1 ppm gas standard (Matheson Tri-Gas, Newark, CA) on a custom built dilution line and comparing it to the whole air calibration curve to confirm the equimolar detector response. The analytical detection limit for all gases investigated was 120 parts-per-trillion. More details on this method can be found in Khan et al. (2012) . CO 2 gas in the Wheaton vial air samples was analyzed on a Shimadzu GC-14A with a thermal conductivity detector (TCD) (Shimadzu Scientific Inc., Columbia, MD). A 997 ppm CO 2 standard (Scott Specialty Gases) was quantified between every 10 unknown samples to determine concentration and correct for instrument drift. CH 4 and N 2 O were also quantified in these aliquots, but no measurable fluxes were discovered.
Calculation of fluxes
The concentration of COS, DMS, and CO 2 in the chamber headspace over time was used to calculate the overall flux from experimental field plots. A linear and an exponential model were both applied to data from each chamber, and the approach with better goodness of fit was assigned as the flux. Only experiments yielding fits with r 2 [ 0.9 were included in this study.
This filtering excludes flux measurements that could not be detected because either concentrations were too low (\120 ppt) or the concentration variation within the chamber due to a real flux was less than 3.5 %. The exponential flux model was adapted from de Mello and Hines (1994) : the mole ratio at time t, C(t) is a function of the mole ratio in the headspace at time 0 (C 0 ), the concentration when soil pore space and chamber headspace are in equilibrium (C max ), and a first order uptake rate constant k: C(t) = C max -(C max -C 0 )exp(-kt). C max and k are solved iteratively, and the rate of mole ratio change is calculated for time 0, (dC/dt) t = 0 = k(C max -C 0 ). The trace gas flux F is then calculated by F = [n chamber (dC/ dt) t = 0 ]N -1 , where n chamber is the number of moles in the chamber during sampling and N is the surface area of the chamber plot in m 2 . CO 2 fluxes are reported in lmol m -2 s -1 . COS and DMS fluxes are reported in pmol m -2 s -1 .
Annual variability of sulfur gas fluxes, 2012-2013
Fifteen field outings took place between March 2012 and March 2013 (Table 1) . Chamber bases were installed anew for each outing and did not overlap previous measurement plots. On 30 May and 27 November 2012 and 24 January 2013, a single chamber base was installed and 3 flux measurements were collected. For the other 12 outings, only one flux measurement was made at field moisture per outing. The 3 July and 10 March outings took place in a perennial grassland, the rest from annual grassland sites. There was a precipitation event during the January 24 outing when the chamber lid excluded rainfall from the plot, causing the plot soil to have an average VWC 11 % less than adjacent soil that was not shielded from the rain. In the dry season, (26 June, 28 June, and 3 July 2012), and 2 outings in the wet season, (27 February and 10 March 2013), 2 separate chamber bases were installed less than 5 m apart, and one flux measurement was performed at field moisture only from the first plot. These field moisture measurements characterized the annual variation of sulfur gas fluxes and supported the interpretation of soil moisture manipulation experiments.
Two approaches were used to quantify the potential influence of temperature and soil moisture on COS and DMS fluxes. A least squares linear regression was first used to assess the relationship between environmental variables and trace gas fluxes. For DMS flux observations, a more complicated trace gas exchange model was used, developed in Behrendt et al. (2014) for nitrogen gas fluxes. The approach accounts for an optimum soil moisture for trace gas exchange. The model was fitted to the data using a least squares regression technique. Rainfall manipulations, 2012 Rainfall manipulations, -2013 From June 2012 to March 2013, 10 outings incorporated the addition of simulated rainfall (Table 1) . After collecting air samples for a flux measurement at field conditions, 0.7 L of water was added to the plot using a piston-pressurized hand water sprayer. This addition is equivalent to 4 mm rain from a wet season storm typical for the area. Then 2 or 3 subsequent flux measurements were performed with the elevated soil moisture condition.
A single chamber base was installed for the outings on 26 July, 24 August, 20 September, 28 October 2012, and 4 March 2013 to investigate temporal variation from individual plots before and after artificial rainfall addition. For the remaining outings, 2 plots were selected 5 m apart. A single flux measurement was performed at field moisture from the first plot. After the addition of simulated rainfall to both plots, 2 wetted-condition flux measurements were performed for the first plot and 1 wettedcondition flux measurement for the second plot. Because COS uptake occurs through plant stomata, we investigated the influence of using an opaque chamber in measuring COS flux in an outing on 13 March 2014. Four pairs of consecutive light/dark experiments were conducted at the annual grassland site. For dark measurements, the insulating cover remained in place over the chamber lid and air samples were collected according to the protocol described above. For light measurements, the insulating cover was removed and a small external pump circulated ice water through an Biogeochemistry (2016) 128:267-280 271 internal PTFE coil, affixed to the sides of the lid with a solid PFA bracket. This internal cooling system was necessary to maintain air temperatures in the light chamber experiments in the same range as the dark chamber experiments. Since only COS and CO 2 were being explored in the 13 March 2014 outing, whole air samples were collected in conditioned SilcoCans with older coatings that were inappropriate for DMS sampling.
Results
With few exceptions, fluxes of DMS and COS from grasslands at field moisture were of similar magnitude and opposite sign: DMS fluxes ranged from ?39 pmol m -2 s -1 to slight uptake of -2 pmol m -2 s -1 and COS fluxes exhibited a maximum uptake of -75 pmol m -2 s -1 to emissions at ?7 pmol m -2 s -1 . In the wet growing season, COS was taken up (-26 ± 27 pmol m -2 s -1 ) and DMS was emitted to the atmosphere (5.9 ± 8 pmol m -2 s -1 ). During the dry season, uptake of COS was smaller and less variable (-6.1 ± 10 pmol m -2 s -1 ) and production of DMS was reduced (4.2 ± 4.5 pmol m -2 s -1 , excluding the high late season emission point), with a few instances of DMS uptake and COS production (Fig. 1a, b) . Of the 24 flux measurements made at field soil moisture, the 18 chamber experiments reported here yielded r 2 [ 0.9 when the flux calculation model was applied to concentrations of DMS and COS over time. Measurements of DMS uptake were limited by the ambient concentration of DMS, which was often below the detection limit of 120 ppt despite the coastal setting. H 2 S and dimethyl disulfide (DMDS) were also measured, but were present in such low concentrations that no flux measurements could be reported. Two chamber measurements taken in November 2012 resulted in small CS 2 sources, both 0.14 pmol m -2 s -1 . All other chambers had CS 2 mixing ratios below the detection limit.
When divided into wet and dry season observations, COS fluxes had a moderate linear relationship with chamber temperature (Fig. 4) and DMS fluxes had a weak linear relationship to soil moisture in the growing season (Fig. 5) . When data from both seasons was taken together, there appeared to be a soil moisture optimum for DMS production. A coefficient of determination of 0.55 was generated using a least squares approach to fit DMS fluxes to soil moisture observations using equations from Behrendt et al. (2014) (Fig. 5) .
Rainfall manipulation, 2012-2013
Adding water to chamber plots in the dry season, when plant matter was dormant or senescing, resulted in a reduction of COS uptake and/or an increase of COS production by the soil and litter system. In contrast, during wet season manipulation experiments with green plants, COS uptake increased significantly (Fig. 2a,b) . In most cases, artificial rain on plots in both seasons resulted in an increase of net DMS and CO 2 release to the atmosphere, usually increasing within 2 min of adding water and decreasing within 2 h. A notable exception is the September outing (gray upright triangles, Fig. 2c,e) : not only did DMS net emissions start out high and then decrease, but CO 2 emissions exhibited an increase over the next 2 h. In the 4 March 2013 outing (upright triangles, Fig. 2d ), a site 2 m from the 27 February 2013 outing (black circles), CO 2 fluxes started high relative to previous measurements at 24.7 lmol m -2 s -1 , then emission decreased after water addition.
Of the 12 total instances when chamber CS 2 mixing ratios were above the detection limit, only one chamber measurement in September yielded a flux greater than 1 pmol m -2 s -1 , at 18 pmol m -2 s -1 (Table 2) . Otherwise, CS 2 fluxes were constrained between -0.8 to 0.2 pmol m -2 s -1 . 10 of these fluxes occurred after soil water was amended, otherwise no clear relationship was found between CS 2 fluxes and the variables measured.
Light/dark chamber experiments, 2014
COS fluxes over a single plot taken with a dark and light chamber lid yielded similar results, averaging -5.8 ± 3.4 and -7.9 ± 3.3 pmol COS m -2 s -1 , respectively, over the course of several hours (Fig. 3a) . In contrast, CO 2 fluxes from dark chambers had remarkably less variability (4.5 ± 0.05 lmol CO 2 m -2 s -1 ) than compared to measurements made under light conditions (3.6 ± 3.9 lmol CO 2 m -2 s -1 ) (Fig. 3b) .
Discussion
Here we have demonstrated an approach for measuring ecosystem fluxes of reduced sulfur gases over a broad range of soil moistures and temperatures, with special attention to the large swings in fluxes that occur after soil moisture change, or artificial rainfall events. In a mediterranean grassland, this determination was straightforward because the landscape had few green plants during the dry season, allowing for DMS and COS fluxes to be quantified without the complication of possible plant/live root DMS production reported for other grasses (Kanda et al. 1995) and the well known COS uptake through plant stomata (Seibt et al. 2010; Stimler et al. 2010 ).
DMS, CO 2 , and soil moisture
The field moisture flux measurements indicate DMS production was coincident with an optimum soil moisture content and the presence of living grasses (Fig. 5) . Adapting the approach of a recent study by Jardine et al. (2015) , we fit an equation developed for NO soil fluxes (Behrendt et al. 2014 ) to our field data, yielding a coefficient of determination of 0.55. Both this study and Jardine et al. (2015) found that soil DMS production had an optimum soil moisture content where emissions were maximum, trending towards 0 for very dry and very wet soils. This is consistent with generally low DMS emissions from dead grass and dry soil during the bulk of the dry season, followed by an inverse relationship with soil moisture during the dry season. DMS emissions to the atmosphere were on average higher during the wet season, when field soil moisture had a much stronger influence on DMS production compared to dry season fluxes (Fig. 5) . The DMS fluxes here fall within the expected range found in the small number of previous field measurements ( Table 2) . The soil moisture manipulation experiments show that increasing soil water content stimulated DMS fluxes to the atmosphere in the 6 of 9 cases where DMS fluxes at field moisture were initially near zero (Fig. 2) . Wet season plots yielded much larger increases in DMS production after water addition, perhaps from an already active microbial population and from interactions with live plants. DMS production has been found previously over several important agricultural grasses (Kanda et al. 1995) . In soils, DMS emissions are thought to be microbially-mediated by DMSO respiration or by degradation of amino acids and other biological compounds (Schäfer et al. 2010) . However, observations of CO 2 do not reveal a simple link between microbial activity and terrestrial DMS production. Basal respiration, observing the CO 2 flux from soil, is a well-established method for measuring Fig. 3 In situ measurements of CO 2 and COS from a single plot using a static incubation chamber with an insulating cover to block out light (filled symbols) or with the cover removed (unfilled symbols) on 13 March 2014; the left panel shows how fluxes varied by time of day and the right panel shows the mean of all measurements, error bars representing one standard deviation soil microbial activity; however, this does not take into account facultative microbes that can use multiple substrates to support metabolism. Soils that experience lengthy dry periods have been found to exhibit increases in carbon mineralization after rain events due to a combination of released soil organic matter and increased microbial activity (Fierer and Schimel 2003; Jarvis et al. 2007 , Unger et al. 2010 ). This effect was observed in the 20 September 2012 outing, when a sustained increase in CO 2 net release to the atmosphere was observed over the course of 2 h. In this outing, DMS production was already high and was suppressed slightly by the water addition. Only one plot on 28 June saw a persistent order of magnitude increase of DMS emissions (Fig. 2e ).
Relative importance of terrestrial DMS fluxes
While DMS is typically associated with marine ecosystems, terrestrial ecosystems contribute significantly through a different set of mechanisms (Schäfer et al. 2010) . In situ DMS fluxes observed over the course of this study ranged from ?39 to -2 pmol DMS m -2 s -1 , with artificially wetted plots having generally higher fluxes from near 0 to ?80 pmol DMS m -2 s -1 . We can roughly estimate the relative importance of terrestrial DMS emissions compared to recent estimates of global oceanic DMS emissions: 28 Tg S a -1 (Lana et al. 2011) . To compare this ocean estimate to our study, we divide by 3.619 9 10 14 m 2 ocean area, 3.154 9 10 7 s a -1 , 32.065 9 10 -24 Tg S pmol S -1 , and 1 pmol DMS pmol S -1 , yielding 77 pmol DMS m -2 s -1 . This ocean estimate is of the same order of magnitude as many of the wet season DMS flux observations presented in this study. While this scaling is purposefully simple, masking the heterogeneity of DMS fluxes and the much greater area of the ocean systems, aerobic terrestrial DMS emissions are nonetheless a portion of the sulfur budget that needs to be considered to assemble a complete biogeochemical cycle.
Seasonal COS fluxes and temperature
Living plants are the largest sink of COS in the troposphere (Protoschill-Krebs and Kesselmeier 1992; Watts 2000; Montzka et al. 2007; Campbell et al. 2008) . At the field sites during the dry season, grass dries out and organic matter senesces in place, temporarily diminishing the dominant COS sink. In the wet season, new growth sprouts through the enduring dense litter layer. In the dry season, temperature appeared to have had a greater influence on COS exchange (Fig. 3) . Taken together with soil VWC, a multiple linear regression of temperature and moisture on COS exchange yielded an r 2 of 0.67 (n = 8). After plant growth began again in the wet season, the relationship to temperature became more complicated (Fig. 4) , depending more on whether living grasses were present. The relationship of COS fluxes to soil conditions may be based on physical constraints to soil/litter-atmosphere trace gas exchange and the availability of COS precursors.
Soil structure and water content are additional factors regulating atmospheric COS uptake. In a study of 4 soil types, the uptake of COS was controlled by the diffusivity of the soil as related to water-filled pore space (Van Diest and Kesselmeier 2008) . For this particular soil, COS uptake could be hindered by decreased diffusivity, preventing COS from entering into the soil profile where it was consumed or adsorbed. When water was added to dry season plots, uptake appeared to decrease in all cases (Fig. 2a) ; however, it is impossible to separate COS uptake from production without using an additional tracer method (Fig. 5) . Sulfur-containing amino acids can act as the precursors of COS (Minami and Fukushi 1981) and microbes can actively produce COS through oxidation of other organic compounds (Kelly and Baker 1990) . It may be expected that COS production should increase with soil moisture, as increased microbial activity may liberate more organic matter. After wetting a plot during the 24 August 2012 outing, apparent production far exceeded COS uptake from the atmosphere (Fig. 2a) . On the other hand, this could have been the result of displacing the soil atmosphere by the addition of water, leading to emission of COS otherwise trapped in the soil profile. This second interpretation is supported by a subsequent, much lower observation 41 min later. This suggests that an increase in COS production caused by a change in available water may be initially dampened by the increase in water-filled pore space, acting as a barrier between in-soil production of COS and the atmosphere.
Growing season COS net uptake
Most of the ecosystem exchange of carbon in a mediterranean grassland happens during the wet, growing season (Xu and Baldocchi 2004) . Not surprisingly, in this study the grassland took up COS during the wet season when plants were green and photosynthetic rates were high (Figs. 1b, 2b, 3a,b) . Using light and dark chambers alternately on the same plot, we found COS fluxes in light and dark chambers did not vary significantly, whereas CO 2 fluxes were much less variable when measured with dark chambers (Fig. 3a,b) . There are two explanations for the net CO 2 production during most of the light chamber experiments. The first is that in 2014, this area of California was in a severe drought; it is not surprising to have a grassland switch between a net source and sink of CO 2 to the atmosphere depending on soil temperature and water status (Ma et al. 2007 ). The second is that despite mixing the chamber air with a fan and incorporating a water-cooled coil within the chamber lid body, exposing the plot to light will still cause temperature differences within the chamber soil and variations in respiration.
Uptake of COS by plants is thought to occur by diffusion into stomata followed by a reaction that does not depend on light. Stomata do not necessary close quickly or completely in dark conditions Vico et al. 2011) . As long as the stomata are open, COS can diffuse into the plant leaf and react with carbonic anhydrase, where it is irreversibly destroyed. For dark CO 2 flux measurements, if no CO 2 is being consumed by the leaf photosystems, there is little concentration gradient to drive the flux of CO 2 into the C3 leaf even when stomata are open.
Under medium and high light conditions, COS and CO 2 are taken up in leaves at a fairly consistent ratio relative to their ambient concentrations, known as the leaf relative uptake (LRU) (Campbell et al. 2008; Stimler et al. 2011) . Measurements of carbonyl sulfide have recently been used as a tracer for gross primary production (GPP) (Asaf et al. 2013; Billesbach et al. 2014) , relying on LRU estimates (Sandoval-Soto et al. 2005; Campbell et al. 2008; Hilton et al. 2015) . Soil fluxes need to be known to allocate ecosystem-level COS fluxes into leaf-and soil-oriented exchanges. To assess the contribution of the fluxes observed in the absence of photosynthesizing plants on ecosystem COS exchange during the wet season, we used the relative ratio of COS and CO 2 fluxes normalized to their respective ambient concentrations or ERU (Fig. 6) .
Soil COS flux observations are generally low compared to leaf-level uptake: observations of temperate and subtropical forest COS soil fluxes range between -8 and ?1.45 pmol COS m -2 s -1 (Castro and Galloway 1991; Steinbacher et al. 2004; Yi et al. 2007; White et al. 2010 ). Compared to ecosystem scale forest measurements (Xu et al. 2002) , the soil term represents 8 % of the total COS exchange. However, recent measurements have demonstrated that agricultural soils emit substantially more COS (Maseyk et al. 2014; Whelan et al. 2016) .
With artificial rain events, we assessed how ecosystem or soil relative uptake (ERU or SRU) changes over senescent grassland plots with increased soil moisture (Fig. 6) . In grassland plots without green plants, SRU returned to near the initial value within 2 h of water addition. This suggests that the soil system SRU exhibited resilience and readily recovered from recent changes in soil moisture. In contrast, growing season plots with green plants showed a large deviation from the initial ERU (Fig. 6 ). The ERU of our unmanipulated grassland plots had similar variability to 2 days of high frequency soil measurements in a senescing grassland in Colorado (Berkelhammer et al. 2014) (Fig. 7) . The potential for large changes in flux patterns after precipitation as in Fig. 2 indicates a dire need for more study of this phenomenon.
Conclusions
DMS emissions are an important component of the global sulfur cycle, moving sulfur that was weathered from continents back to terrestrial ecosystems through the atmosphere. To our knowledge, this study is the first reported instance of a pulse of DMS emissions in oxic soils after a precipitation event, artificial or otherwise. This phenomenon may have a relationship to the Birch effect, where wetting dry soils causes a large but ephemeral increase in soil respiration. Further studies into these types of carbon mineralization events can help clarify possible links between significant fluxes in the carbon and sulfur cycles.
The COS observations in this study will help constrain the potential influence of soil trace gas exchange on large scale GPP estimates (Whelan et al. 2016) . The advantage of estimating GPP with COS lies in generating a real-time, daylight proxy for GPP, contrasted with annual estimates of NPP by harvesting whole plants or problems with using eddy flux covariance towers to measure ecosystem respiration at night when turbulent mixing is low (Hilton et al. . This technique may be relevant to future studies focused on carbon sequestration efforts, assessing the effects of drought stress, and large-scale manipulation experiments where high frequency GPP estimates are needed. Taking soil COS fluxes into account when applying this method will support more accurate carbon cycle characterization. Recently, Jardine et al. (2015) have used a PTR-MS to measure DMS in near real time and quantum cascade lasers capable of measuring COS have become commercially available. Laser-based and other quick-MS methods will create new possibilities for measuring these important fluxes in real time. Unfortunately, only a few people have installed these instruments in mobile laboratories. The future for these questions will rely on installing instruments quasi-permanently in field conditions. We have demonstrated a straightforward way of making reduced sulfur gas flux observations in a remote location, where samples need to be transported back to a laboratory. This expands the spatial extent of potential measurements considerably. This study, at field soil moisture Fig. 7 Ecosystem relative uptake (ERU) of unmanipulated plots at field soil moisture, compared to the soil relative uptake (SRU) of a Colorado grassland in senescence (Berkelhammer et al. 2014) , in gray asterisks. The field outing in January 24, 2013 took place during a rainstorm, represented by a filled circle; the other symbols correspond to the legend in Fig. 2 
